ABSTRACT From November 1981 to November 1982, intra-aortic balloon pumping (IABP) was used after surgery in eight patients who were from 6 weeks to 6 years old and who weighed from 4.2 to 16.2 kg. In seven patients, specially constructed intra-aortic balloons with 2.5 and 5.0 ml volumes mounted on No. 5F catheters were used. In the largest and oldest patient, a two-chamber 10 ml balloon was used. The pumping module used was the Datascope System 82. Effective diastolic augmentation of arterial pressure was accomplished in seven of the eight patients and suprasystolic diastolic augmentation was accomplished in four. The two youngest and smallest patients are the only long-term survivors. There were two short-term survivors who died 5 and 10 days after successful IABP. In only one patient was there no appreciable effect of IABP. Miniaturization of the equipment has permitted IABP to be used effectively in pediatric patients. Circulation 68, No. 5, 1095-1100, 1983.
INTRA-AORTIC BALLOON PUMPING (IABP) has
become a standard mode of treatment for perioperative low cardiac output syndrome and cardiogenic shock after myocardial infarction in adults. 1-' However, IABP has been used little in children. The only report of the use of IABP in children suggests that it is not successful in those who are under 5 years of age. 4 Our experience with both in vitro and in vivo testing of small balloon catheters in small animals with three different pumping modules convinced us that this valuable method of circulatory support could be used in children. 5'6 This report describes our initial experience in eight patients who underwent IABP after open heart surgery.
Materials and methods
All eight patients had previously undergone open heart surgery for correction of the lesions listed in table 1. All balloon catheters were introduced by cutdown through the common femoral artery with a side-arm Dacron graft. Introduction of the balloon catheters was accomplished in the operating room in two patients and in the intensive care unit in six patients. All the catheters were connected to the Datascope System 82 pumping module modified with a pediatric volume-limiting chamber. The catheter position was checked by chest x-ray to confirm that the tip of the catheter was adjacent to the origin of the left subclavian artery.
The balloon catheters were inserted only after maximum use of pharmacologic support had failed to improve the patients' low cardiac output syndrome (table 1) .
A two-chambered 10 ml balloon was used in the first and largest patient. In all others either a 2.5 or 5.0 ml volume balloon was used. These balloons were mounted on a No. SF catheter and were specially manufactured by Datascope Corporation. The 2.5 ml balloon has an 8.0 mm diameter and is 10.5 cm in length while the 5.0 ml balloon has a diameter of 10.0 mm and is 13.0 cm long (figure 1). The electrocardiograph was used for triggering the inflation and deflation of the balloon and adjustments were made for inflation and deflation time to permit optimal alteration of the patient's pulse contour (usually from the right radial artery).
The balloon size and duration and outcome of IABP in each patient are shown in After the 50 min repair on cardiopulmonary bypass, he continued to have low cardiac output in spite of vigorous pharmacologic support (10.0 tg/kg/min dopamine, 2.0,ig/kg/min nitroprusside, and 0. 12 ,ug/kg/min epinephrine). Approximately 6 hr after his return to the intensive care unit, a 2.5 ml IAB was inserted into the thoracic aorta by a cutdown on the right common femoral artery with the use of a Dacron sleeve. Effective diastolic augmentation of arterial pressure was obtained with IABP at a rate of 168 beats/min. Better diastolic augmentation was noted, however, when IABP was timed for every other beat. At a rate of 140 beats/mmn, however, there was no difference between the augmentation accomplished with pumping at every other beat compared with at every beat. The patient's clinical status showed progressive improvement with a steady rise in blood pressure, improved peripheral perfusion, and an increase in the mixed venous Po2 from 26 to 44 mm Hg after 4 hr of IABP. There was striking improvement in urine output from 0.3 ml/kg/hr in the 2 hr before to 9.0 ml/kg/hr in the second hour after IABP was started. By the following morning he had improved to the point that the rate of IABP could be decreased to every third beat; IABP was discontinued after 15 hr. This patient was our first long-term survivor. He left the hospital on his twenty-fourth postoperative day and is now doing well 10 months after surgery.
Patient No. 4. C. C. was a 14-month-old, 7.9 kg white boy who underwent open heart repair of a complete atrioventricular defect that included absence of the normal right superior vena cava and a persistent left-sided superior vena cava. The latter was redirected from the left atrium to the right atrium with a pericardial baffle. Although his septal defects were completely repaired, he was left with significant mitral regurgitation. After a rather stormy 8 day postoperative course with continued deterioration, a decision was made for a trial with IABP. As in the previously described patients, a 2.5 ml IAB was inserted while the patient was in the intensive care unit. Effective diastolic augmentation of arterial pressure was obtained at a rate of 140 beats/min. IABP was maintained for the next 4 days, during which time he was maintained on a dopamine intravenous drip FIGURE 1. Small balloons of 2.5 and 5.0 ml volume mounted on No. SF catheters were used in all but the oldest (6 years old) patient. D- transposition of the great arteries and repair of a muscular ventricular septal defect. Three hours after surgery, she experienced a sudden drop in cardiac output and was bleeding excessively through her chest tubes. While an exploratory thoracotomy was being done in the operating room a 2.5 ml IAB was introduced via the left common femoral artery. Balloon position was checked by palpation of the thoracic aorta. When IABP was started, no alteration of the right radial pulse was observed. The 2.5 ml balloon was then replaced with a 5.0 ml IAB catheter, but again no effect of IABP could be detected. In spite of administration of 0.2 Ag/kg/min iv epinephrine and 0.3 ,gg/kg/min iv isoproterenol, the condition of the patient continued to deteriorate and she died in the operating room 30 min later. An autopsy was not performed. We are unable to explain the failure of IABP in this patient.
Patient No. 7. C. C. was a 9-month-old, 5.3 kg white girl who underwent repair of an atrioventricular defect. After surgery her pressures continued to drop in spite of the administration of intravenous dopamine given at a rate of 15 gg/kg/min. IABP was instituted with a 2.5 ml balloon catheter inserted in the usual manner. Excellent diastolic augmentation of arterial pressure was obtained at a rate of 150 beats/min. The patient did show some clinical improvement initially, but her improved status could not be malntained. She died 10 hr after surgery, 8 hr after IABP had been initiated. Thermodilution cardiac output values were not obtained and mixed venous Po2 values were in the high 30s and low 40s even before IABP was instituted and were essentially unchanged by IABP. Autopsy revealed a small mitral valve orifice and a mildly hypoplastic left ventricle. No thrombi or aortic injury was found.
Patient No. 8. D. H. was a 6-month-old, 6.1 kg white boy who underwent a Senning procedure for D-transposition of the great arteries and repair of a ventricular septal defect and pulmonary artery band. The patient had had a previous coarctation repair. Considerable difficulty was experienced in weaning the patient from cardiopulmonary bypass, and he was placed on IABP 1 hr after return to the intensive care unit. In spite of effective diastolic augmentation with a 5.0 ml IAB at a rate of 150 beats/min and the administration of intravenous dopamine (12 ,lg/kg/min) and isoproterenol (0. 15 ug/kg/min), the patient failed to improve and died 6 hr after IABP was instituted. Autopsy revealed a hypoplastic right ventricle with marked subaortic obstruction that appeared mild on an angiogram. There was no evidence of aortic injury from IABP.
Results
Only two patients ( In a single patient (No. 6), IABP with a 2.5 and 5.0 ml balloon did not result in any recognizable alteration of the pulse contour or deter a rapidly deteriorating course. The failure of IABP in this case remains unexplained.
The alterations of the pulse contours with IABP in these eight patients are summarized in table 3. In patient 6 no effect was noted with IABP and in patient 2 recordings were not made, but effective augmentation was observed on the monitoring scope. Satisfactory alteration of the arterial pulse contour by IABP was accomplished in seven patients with presystolic dips of between 4 and 14 mm Hg and decreases in peak systolic pressures of from 1 to 6 mm Hg. Diastolic augmen- THERAPY AND PREVENTION-cONGENITAL HEART DISEASE tation of pressure exceeded peak systolic pressure in four of the patients (table 3) .
Balloon catheters were removed when the patients responded and no longer needed the circulatory assistance (patients 3, 4, and 5), when they were of no value (patient 6), or when death seemed imminent or had occurred (patients 1, 2, 7, and 8). Removal was never necessary because of ischemia of the lower extremity. In the four patients who underwent autopsy, there was no evidence of aortic injury, thrombi, or emboli. Heparinization was used only in patients I and 4.
Discussion
The circulatory assistance from IABP is achieved by displacing intra-arterial blood volume. This displacement occurs with pneumatic inflation of the balloon immediately after closure of the aortic valve. The balloon is totally deflated just before the onset of ventricular systole. The displacement of the blood volume results in a drop in aortic end-diastolic pressure, which in turn decreases left ventricular outflow impedance. Ideally, peak arterial pressure is shifted into diastole, resulting in increased tissue perfusion that includes the coronary circulation. The increased supply of oxygen to the myocardium and the reduced demand for left ventricular work results in an increase in the myocardial oxygen supply/demand ratio.7 8 Right ventricular function has also been shown to improve with IABP in adults suffering from cardiogenic shock.9
The 4 This report suggested that it could be of value in children over 5 years of age but could not be used in those less than 5 years old, primarily because the commercially available balloons and catheters were too large. In addition, it was felt that aortic elasticity in the young child prohibited effective diastolic augmentation. The larger balloons were considered to be responsible for renal failure and in two of the 14 patients severe lower extremity ischemia required removal of the balloon catheter.
In 1977 our group began work to develop equipment that would provide the electronics and pneumatics necessary for the higher rates and smaller displacement volumes that would be necessary in IABP in infants and children. This work was completed in the laboratories of the Division of Artificial Organs, University of Utah, which is headed by Dr. W. J. Kolff, who in 1961 headed the laboratory in Cleveland where IABP was initially conceived and tested. The in vitro and in vivo testing of small balloons (0.75 to 5.0 ml) in small cats and dogs convinced us that IABP could be used effectively in infants and children.5 6 ur initial experience, although limited, strongly supports this contention.
Effective augmentation of diastolic pressure was accomplished in seven of the eight patients and suprasystolic diastolic augmentation was accomplished in four. In only one patient was IABP observed to be ineffective.
In addition, there was a noteworthy lack of complications. While the involved lower extremity often felt cooler than its counterpart, there was never enough vascular compromise to require removal of the IAB. The common femoral artery was used in all cases. The No. 5F catheter did not significantly compromise arterial flow even in the youngest and smallest patients (4.2 and 5.2 kg). We could not ascribe any compromise of renal function to IABP. On the contrary, urine output characteristically dramatically increased after the institution of IABP. In the four patients who underwent autopsy, we could detect no evidence of aortic wall injury. Only two of the patients underwent heparinization during IABP. There was no evidence of thrombus formation or embolization either clinically or at autopsy in any of the patients. None of the eight had any local or systemic infection.
Contrary to previous clinical experience,4 we were pleased to find that balloon inflation and deflation could match heart rates faster than 130 beats/min. In patient 4 IABP was effective at rates as high as 176 beats/min. It was our general impression, however, that IABP was more effective pumping every other beat at rates exceeding 150 beats/min. Continuous monitoring of the patients' pulse contours and repeated adjustment of inflation and deflation timing were necessary to maintain optimal alteration of the arterial pulse contour with IABP. At the time IABP was instituted all patients were receiving inotropic support, which was continued until the patient became stable and could be weaned from pharmacologic support. The use of inotropic drugs with a-adrenergic agonist effects may decrease the compliance of the systemic arterial bed of the younger patient and may enable more effective IABP. It is our belief that IABP should be considered an adjunct and not a replacement for pharmacologic support of the patient.
Catheter selection was done quite empirically. Generally, we attempted to use the largest balloon catheter that we felt could be accommodated by the patient. Aortic diameter was estimated'3, 14 and the balloon catheter was placed in its transparent cover on the surface of the patient to evaluate whether the balloon would extend beyond the twelfth thoracic vertebrae to avoid compromise of the celiac and renal vessels. For the smaller patients, this posed little problem since there was only a choice of 2.5 ml (8 mm diameter and 10.5 cm length) and a 5 ml (10 mm diameter and 13 cm length) balloon catheters. We attempted to select a balloon size that would be 40% to 60% of the estimated stroke volume.
While it is unlikely that IABP will ever be used as frequently in children as it is in adults, the availability of appropriately sized equipment should enable IABP to become an accepted and valuable mode of circulatory support in pediatric patients. Our limited clinical experience has not proved IABP to be a panacea for postoperative low cardiac output syndrome, but it has demonstrated quite conclusively that it can be successfully used, even in infants.
If the patient does not have a lethal lesion and the possibility of the presence of a significant residual anatomic defect has been excluded, IABP should be considered for use in infants and children whenever pharmacologically refractive low cardiac output syndrome is present. Specific indications for use of IABP could include cardiac index dropping below 2.0, mixed venous Po2 dropping below 20 mm Hg, and urine output dropping below 1 ml/kg/hr. It is important to realize that IABP can only augment cardiac output and should not be delayed until augmentation would have minimal or no effect.
